The recent discovery of excellent thermoelectric properties and topological surface states in SnTe-based compounds has attracted extensive attention in various research areas. Indium doped SnTe is of particular interest because, depending on the doping level, it can either generate resonant states in the bulk valence band leading to enhanced thermoelectric properties, or induce superconductivity that coexists with topological states. Here we report on the vapor deposition of In-doped SnTe nanowires and the study of their surface oxidation and thermoelectric properties. The nanowire growth is assisted by Au catalysts, and their morphologies vary as a function of substrate position and temperature. Transmission electron microscopy characterization reveals the formation of amorphous surface in single crystalline nanowires. X-ray photoelectron spectroscopy studies suggest that the nanowire surface is composed of In 2 O 3 , SnO 2 , Te and TeO 2 which can be readily removed by argon ion sputtering. Exposure of the cleaned nanowires to atmosphere yields rapid oxidation of the surface within only one minute. Characterizations of electrical conductivity σ, thermopower S, and thermal conductivity κ were performed on the same In-doped nanowire which shows suppressed σ and κ but enhanced S yielding an improved thermoelectric figure of merit ZT than the undoped SnTe.
Introduction
Tin telluride (SnTe)-based narrow band-gap semiconductors have recently triggered growing interest owning to the demonstration of excellent thermoelectric (TE) properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and the discovery of topological surface states.
11 -20 The TE figure of merit of a material is defined by a dimensionless parameter:
on the surface oxidation of nanostructured SnTe is essential, and a search for more effective surface cleaning methods is imperative.
In this work, we carried out surface oxidation, cleaning and thermoelectric studies of In-doped SnTe nanowires grown by chemical vapor deposition. While the growth of undoped SnTe nanowires has been well studied over the past few years, [50] [51] [52] chemical doping, which may enhance physical properties and introduce new functionality, 60 are scarcely reported in SnTe nanowires. 61, 62 In contrast to the catalyst-free growth of nanoplates 55, 63 and thin films, 64 Au nanoparticles were employed to catalyze the growth of nanowires. The surface of In-doped SnTe was characterized by transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) studies, which revealed the formation of In 2 O 3 , SnO 2 , Te and
TeO 2 due to rapid oxidation in exposure to atmosphere. The surface oxides can be readily removed by gentle argon ion sputtering, yielding a potential approach to cleaning the surface of ex-situ grown nanostructures for surface sensitive measurements such as ARPES and scanning tunneling microscopy (STM). Characterizations of electrical conductivity σ, thermopower S, and thermal conductivity κ were performed on the same In-doped SnTe nanowire which shows suppressed σ and κ but enhanced S, rendering an improved thermoelectric figure of merit ZT in comparison to the undoped SnTe.
Experimental Details

Synthesis
In-doped SnTe nanowires were synthesized inside a three-zone tube furnace ( Figure 1a ) via a process similar to the growth of undoped SnTe nanowires. [50] [51] [52] Tin telluride powder (Alfa Aesar, purity 99.999%) was placed in a combustion boat located in the center of the tube furnace, indium powder (Alfa Aesar, purity 99.99%) and tellurium powder (Alfa Aesar, purity 99.999%) were placed in the upstream position 8 inches away from the center. Three ~3-inch long silicon substrates coated with gold colloids (Ted Pella, diameter 80 nm) were placed adjacent to each other in the downstream position from 4 inches to 13 inches away from the center of the tube furnace. Ultra-high purity argon, as a carrier gas, was introduced and SiN x /SiO 2 /Si substrate by e-beam lithography (EBL) followed by metal deposition of ~ 10 nm Ti / 90 nm Au.
A trench was etched in the middle region of the platform to limit heat transfer on the surface of the substrate. An In-doped SnTe nanowire was picked up by a nanomanipulator, and then placed on the platform. EBL and metal deposition (~ 10 nm Ti /290 nm Au) was performed again to connect the nanowire with the electrodes on the platform. Right before metal deposition, the sample was cleaned by oxygen plasma and then soaked in 1% HCl for ~80 seconds to remove remaining e-beam resist and oxides on the surface of the nanowire. The electrical conductivity was determined by a standard four-probe measurement of resistance. The thermopower was measured by applying a current through the heater, creating a temperature gradient along the nanowire. The thermoelectric voltage V th between B and C were measured. Electrodes B and C also serve as thermometers by measuring their resistances, and the temperature difference ΔT between B and C was obtained. Thermopower of the device was then calculated by = ℎ /∆ , and the thermopower of the nanowire was determined by subtracting contribution from the Au electrodes. The thermal conductivity was measured using a self-heating method: by applying a large current through electrodes A and D, a voltage between B and C was measured and the resistance was calculated. [66] [67] [68] [69] [70] The average temperature increase of the nanowire ∆T M was then determined from the resistance change (a linear temperature dependence is assumed in a 10 K interval). The thermal conductivity can be calculated based on = 2 /(12Δ ), where I is the current, R is the resistance, l is the channel length, and A is the cross section of the nanowire.
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Results and Discussion Information). The nanowire diameter is usually larger than the particle, suggesting direct vapor-solid deposition on the side wall of the nanowire. Along with the nanowires are a high density of crystals whose size ranges from nanometers to micrometers.
To understand their structures and to check phase purity, XRD − 2 scan was performed on the nanowires on the first, second and third substrate as well as on a bare silicon substrate for comparison. As shown in Figure 2 , all diffraction peaks except for Si (400) from three samples correspond to a rock-salt face-centered-cubic phase of SnTe with no other impurity phases within the detection limit of XRD. The multiple peaks from different planes of the cubic phase is consistent with the fact that the nanowires and crystals lay randomly on the substrate. The (200) peak has the highest intensity, which agrees qualitatively with the previous results of polycrystalline samples. 1 The intensity of the peaks from the third substrate is relatively low, which is possibly due to the lower structural quality of the nanowires (as shown below).
We further conducted TEM and Raman measurements to characterize the structure of individual nanowires. Figure 3a shows a TEM image taken on the body of a typical nanowire from the first substrate, the nanowire surface is smooth and the width of the nanowire is about 104 nm. The selected area electron diffraction (SAED) pattern is shown in the inset, which suggests the single crystallinity of the nanowire and the growth direction along [100]. A high resolution TEM (HRTEM) image is shown in Figure 3b and its inset, ). While all phonon modes are Raman inactive in a rock-salt crystal structure, these peaks were also observed in both undoped and Mn-doped SnTe bulk crystals, which was attributed to the presence of defects (e.g. Sn vacancies) or the breaking of symmetry on the surface.
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To characterize the compositions of nanowires, we carried out EDX measurements. As shown in Figure   S3 From the TEM and EDX analysis, it can be summarized that the growth of single crystalline straight nanowires is favored in the high temperature zone near the precursors and the polycrystalline 'twisted' nanowires are preferred in the low temperature zone far away from the precursors (Detailed temperature profile in Figure S1 ). To investigate whether the temperature or the distance to the precursors plays a major role in determining the nanowire morphology, we carried out another growth with the same conditions as before but a temperature 50 ˚C lower in the third zone of the furnace where the three substrates were located. This time, nanowire morphologies are reproduced but shifted closer to the center of the furnace relative to the original growth, i.e. large and smooth nanobeams now appear on the first substrate ( Figure S4a ) instead of the second (Figure 1c ), 'twisted' nanowires now are formed on the second substrate ( Figure S4b ) rather than the third (Figure 1d ). Hence, we conclude that the temperature of the substrate is the prime factor in determining the nanowire morphologies, and a higher temperature yields single crystalline straight nanowires while a lower temperature gives rise to polycrystalline 'twisted'
nanowires.
Next, we conducted XPS measurements to understand the nature of the amorphous surface and the Te deficiency in the nanwires grown on the first substrate. XPS spectra taken on a pristine sample (i.e. before sputtering as discussed below) reveal clearly the presence of oxides on the surface. A strong oxygen 1s peak was observed in Figure 5a , which is fitted by two components where one component with a higher binding energy corresponds to -2 state in SiO 2 from the substrate, and the other is related to -2 state in oxides from SnTe surface. The Sn 3d spectrum in Figure 5b shows two peaks at ~ 496.0 eV (3d 3/2 ) and ~ 487.6 eV (3d 5/2 ), indicating a +4 oxidation state in contrast to the nominal +2 in SnTe. [57] [58] [59] The Te 3d spectrum in Figure 5c has two components with binding energies of 583.9 eV (3d 3/2 ), 573.5 eV (3d 5/2 ) and 587.8 eV (3d 3/2 ), 577.4 eV (3d 5/2 ), respectively. The former corresponds to a 0 state, 74 and the latter is +4 as in TeO 2 . [57] [58] [59] In contrast to the EDX characterization which has a lower sensitivity, two prominent In peaks are observed in Figure 5d and the binding energies are 453.7 eV (3d 3/2 ) and 446.0 eV (3d 5/2 ) which correspond to a +3 oxidation state. 75 These results suggest that the sample surface is oxidized and forms XPS spectra taken at other spots on the first substrate show similar results ( Figure S5 and Table S1 , Supplementary Information). The large deviation of Sn:Te ratio from the nominal value in SnTe was previously observed in undoped SnTe bulk crystals 58 and thin films 57 as well, and is attributed to the different oxidation rates of the two elements.
XPS spectra were also taken on the second and the third substrates ( Figures S6 and S7 , Supplementary Information). On the second substrate, the Sn 3d and Te 3d core level spectra are qualitatively similar to those on the first substrate. The more symmetric oxygen peak in Figure S6a indicates that the component from SiO 2 is dominant over the contribution from the oxides of SnTe surface, which could be caused by the low density of nanostructures exposing larger area of SiO 2 to the X-ray beam (Figure 1c ). In addition, no In peak was observed ( Figure S6d ), indicating that the indium concentration on the second substrate is below the detection limit. The atomic ratio determined from the XPS spectra taken at one of the three spots (Table S2 , Supplementary Information) is Sn: Te=82.3:17.7, again suggesting a surface with excessive oxides of Sn. On the third substrate, for the oxygen peak ( Figure S7a ), the contribution from SiO 2 and from SnTe surface oxides are comparable, suggesting that large area of SiO 2 is covered by dense nanostructures, which also agrees well with SEM observation (Figure 1d ). Furthermore, strong In 3d peaks were observed ( Figure S7d) , and quantitative analysis of a representative set of data shows an atomic ratio of In: Sn:
Te=9.1:41.6:49.3 ( Figure S7 and Table S3 , Supplementary Information).
It is worth noting that the indium concentration detected by XPS does not show a monotonic dependence on the substrate location but instead decreases from the first substrate to the second and then increases in the third substrate. We believe, in contrast to the nanowire morphologies which solely depend on the temperature, the variation of indium concentration is related to both the temperature and the distance from the precursors to the substrates. On one hand, indium has high vapor pressure and it requires low temperature to form in a solid phase. As shown in Figure S1 , the temperature decreases from the first substrate to the third, indium would form a solid phase more easily in the low temperature regions.
On the other hand, a higher partial pressure of indium makes it easier to incorporate into a solid phase. In the furnace, the indium partial pressure decreases from the first substrate to the third since the distance between the precursors and substrates increases. Hence, the competition between the temperature effect and the effect of indium partial pressure leads to the non-monotonic dependence of indium concentration on the substrate location.
As discussed above, the presence of surface oxides is a critical challenge to study the topological states via surface sensitive techniques such as STM and nano-ARPES. Therefore, it is important to develop an effective approach to removing the surface oxides. We demonstrate here that argon sputtering can be used to achieve this purpose. Figure 5 compares the XPS spectra before and after sputtering. The sputtering process was performed for 1, 2, and 3 hours. After 1 hour of sputtering, the oxygen 1s peak is significantly reduced (Figure 5a ). In the meantime, the Sn 4+ peaks disappeared, accompanied by the appearance of Sn do not change notably under further sputtering, and the atomic ratio determined from the spectra does not show a strong variation as a function of sputtering time (Table 1) . We therefore conclude that the sample composition is quite uniform in the non-oxidized region.
We further carried out re-oxidation experiments to demonstrate that surface oxidation occurs rapidly in atmospheric environment. Figures 6a-c compare the XPS spectra taken right after the sample was cleaned by sputtering for 30 minutes and after it was exposed to air for 1, 2 and 4 mins, respectively. Right after sputtering, the Sn and Te are mainly in +2 and -2 states, respectively. Figure 6d . It is clear that the oxidation occurs rapidly within 1 minute of exposure and then the oxidation rate decreases significantly. Also in Table 1 , the atomic ratio determined from the spectra taken after 1 minute of exposure to atmosphere shows a sudden change compared to that obtained immediately after sputtering, but longer exposures of 2 and 4 minutes do not induce further significant changes in atomic ratio. This suggests that substantial oxidation occurs within 1 minute of exposure.
Lastly, we demonstrate the enhanced thermoelectric figure of merit of In-doped SnTe nanowires in comparison to the undoped sample by measuring the electrical conductivity, thermopower and thermal conductivity of the same nanowire (Figure 7a ) on the first substrate. The detailed information of device fabrication and measurment is provided in the Experimental Details. It is extremely difficult to avoid contact with air during device fabrication process, so the nanowire being measured here is already oxidized. However, due to the amorphous and insulating nature of the thin oxidized surface, the measured thermoelectric properties should be mainly contributed from the single crystalline In-SnTe core. The electrical conductivity σ determined from a standard four-terminal measurement is ~1.49 × 10 5 S m -1 at 300 K, which is close to the conductivity of In-doped SnTe polycrystalline samples (~2.0 -4.3 × 10 5 S m -1 ) 1 and nanoplates (~1.4 × 10 5 S m -1 ), 63 but is clearly lower than that of the undoped SnTe nanowires (6 -7 × 10 5 S m -1 ). 67 The σ increases when the sample is cooled down to around 100 K and then starts to decrease, rendering a metal-semiconductor transition (Figure 7b ) which is in contrast to the pure metallic behavior observed in the undoped SnTe. 67 The metallic behavior in SnTe is attributed to degenerate doping by native Sn vacancies which act as acceptors (or p-type dopants). The density of Sn vacancies is estimated to be on the order of 10 20 cm -3 (or 1%), 31, 67 comparable to the indium dopant concentration in the core of the wire.
While indium is considered as a p-type dopant as well, it provides less holes than a Sn vacancy. 1 So when
In atoms fill in the Sn vacancies, the hole density decreases. Another influence of indium doping is the introduction of disorder, which reduces hole mobility by enhancing carrier-impurity scattering. Both the reduction of hole density and mobility could be responsible for the suppression of electrical conductivity upon doping.
In contrast to its suppressed electrical conductivity, the In-doped SnTe nanowire shows enhanced thermopower S in comparison to the undoped SnTe. The temperature dependence of S is shown in Figure   7b . At room temperature, the thermopower is 59 µV K -1
, which is comparable with the values measured on the polycrystalline samples (~50 -75 µV K -1 ) 1 and is enhanced relative to the undoped SnTe nanowires (19 -41 µV K -1 ). 67 The positive sign of S confirms the p-type nature of the majority charge carriers. The thermopower decreases monotonically with the decrease of temperature and shows no bipolar effect.
The total thermal conductivity κ of the nanowire was measured using a self-heating method. [66] [67] [68] [69] [70] As shown in Figure 7c , the κ at 300 K is 2. 76 The lattice thermal conductivity κ L is then determined by subtracting the total thermal conductivity by the electronic thermal conductivity. Both κ e and κ L are plotted in Figure 7c , κ e increases as the temperature is raised, while κ L shows a non-monotonic behavior with a maximum value at 60K. The non-monotonic relationship between κ L and temperature may be due to the increase of phonon density upon warming at lower temperatures and the enhancement of umklapp phonon-phonon scattering at higher temperatures. 67 The ZT was finally calculated and plotted as a function of temperature in Figure 7d . At 300 K, the ZT of our nanowire is 0.07, which is comparable to that of Indoped SnTe polycrystalline samples (~ 0.08 -0.09) 1 but higher than that of undoped SnTe nanowires (~0.0379). 67 The enhancement of ZT in the indium-doped nanowire should be attributed to both the improved thermopower and the suppressed thermal conductivity.
Conclusions
We sputtering and after 1, 2 and 3 hours of sputtering respectively. All spectra were calibrated using highly oriented pyrolytic graphite (HOPG) due to the absence of carbon 1s peak after sputtering. For the spectra taken before sputtering, calibration using carbon 1s peak yields slightly lower binding energies. The dashed lines indicate roughly the peaks corresponding to different oxidation states. The spectra are vertically shifted for clarity. 
